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No. NAS15-10000, Figure 3 . The ISSPM will provide the propulsive capacities for the ISS in conjunction with its Russian counterpart, the Service Module (SM). The analyses of helium evolution in this report are based on the requirements derived from this program. To fulfil its mission objectives, the ISSPM will require propellant re-supply throughout its 12-year life. The Orbiter will supply the propellants stored in its Orbiter Maneuvering Subsystem (OMS) tanks [3] , which are unbladdered tanks with built-in propellant acquisition device (PAD), by creating a pressure difference between tanks. This requires that the receiving tank be initially vented. Venting and transferring heliumsaturated propellants in low-gravity condition are a challenge due to the effect of helium evolution. Figure 5 illustrates the end-to-end propellant transfer system between the Orbiter and the ISSPM. P D Figure 5 . End-To-End Propellant Transfer System
PROPELLANT TRANSFER CONDITIONS
The Orbiter and ISSPM propellant tanks used in the transfer are assumed to be operated in a pressure regulated mode. The pressures are assumed to be 252 psia for an OMS to ISSPM transfer and 242 psia for a RCS to ISSPM transfer. This assumption is based on minimum pressure regulation values for the OMS/RCS regulators. Per OMS tank specification [3] , the pressure of the ullage gas shall not exceed the operating pressure limits of the propellant tank, max/nom: 313/250 +4 psig. Furthermore, the flight bulk temperature is constrained by a temperature range from 40°F to 100°F.
Per the DRM, the smallest propellant transfer load is 2,075 Ibm, and the largest load is 9000 Ibm, which corresponds to the maximum supply capability of the Orbiter. The ISSPM must be vented prior to the arrival of the Orbiter to minimize potential hazardous contamination to the Orbiter while it is docked with the ISS. The required pressure of the ISSPM tank for a transfer is a function of a predetermined supply load [4] , Table 2 . Consequently, not all required venting pressure is the same. Thus, the required pressure difference between tanks can be written as:
The minimum delta pressure between tanks
Propellant transfer is a time constraint process.
The transfer rate has to be sufficient to facilitate the process. The transfer rate must therefore be more than a trickle flow. Since the mechanics of propellant transfer relies on the pressure difference, the transfer rate is limited by it. As the transfer process progresses, the pressure difference between tank decreases due to pressure built-up inside the receiving tank. As a result, the pressure built-up will reach a point where the flow rate deteriorates to a trickle flow. It should be noted that the venting pressures in Table 2 were developed without considering some of the factors indicated above, for example, helium evolution.
As a result, the vent pressures in Table 2 require adjustments to account for these factors.
Propellants
Load Scenarios [ This process can be seen in Figure 7 by the steps in the pressure curve. It should be noted that the peak pressure at the end of the transfer is constrained by the operating pressure limits of the propellant tank, max/nom: 313/250 +4 psig. Similarly, there are discontinuities in the flow as mentioned before. The duration between discontinuities is longer for the 9,000-Ibm transfer than that of the 2,075-1bm transfer. 
ANALYTICAL APPROACH
The helium evolution upon depressurization of a helium-saturated propellant occurs nearly instantaneously with respect to decreasing pressure, Table 4 . It is a technical challenge to measure the helium evolution rate as a function of time and pressure. Moreover, there is a lack of test data on the helium evolution rate.
As an alternative, a steady-state helium evolution was used to determine the total amount of helium evolution and the steady-state time. The steady-state helium evolution approach is employed to determine the helium evolution in this paper. When propellant is pressurized with helium gas, the helium will be absorbed in the propellant. Reference [6] shows that the amount of helium saturated at standard temperature and pressure (STP) in MMH and NTO can be described by the following correlation:
HeNT 0 (P) = 0.0022P-0.0863
The amount of helium absorption in the propellant increases with increasing pressure. NTO can absorb 3 to 4 times more helium at a given pressure than that for MMH.
Helium
Evolution [6, 7] Helium evolves when the helium-saturated propellant is depressurized. The lower the pressure, the larger the amount of helium will evolve. Reference [6] shows that the percentage of helium evolution upon depressurization can be described by the following correlation.
%HeMM H (P) = -0.518P + 128.87
%HexT o (P) = -0.474P-l 18.47
The percentage of helium evolution increases with decreasing pressure.
The percentage of helium evolution is similar for both MMH and NTO even though the absorption capability varies by 3 to 4 times. The propellants were initially saturated with helium at 250 psig.
Pre-Transfer Phase -Receiving Tank Venting
Tank venting is necessary to implement the propellant transfer, which depends on the pressure difference between tanks to affect transfer. The factors which control the venting are (1) the propellant transfer load, At time t + At, the tank is vented to a pressure P. Since P < 265 psia, helium gas will be evolved and the new amount of helium saturated within the propellant is defined as follows:
The amount of helium evolved from the propellant during At is determined as the difference in helium concentration in the propellant at 265 psia and at the current pressure.
For MMH, the total steady-state helium evolution in venting from 265 psia to P is
Similarly, for NTO, the total steady-state helium evolution in venting from 265 psia to P is Figure 10 shows the results of helium evolution from helium-saturated propellants (MMH & NTO) at 265 psia. It is clearly illustrated that the amount of helium evolution for NTO is approximately four times higher than that for MMH as expected. This is a result of higher saturation concentration of helium in NTO than that of MMH. The percentage of propellant at the time of venting ranges from 80% by volume to 10% by volume. Alternatively, the percentage of ullage volume ranges from 20% by volume to 90% by volume. As the tank pressure decreases from 265 psia to a lower pressure, the amount of helium evolved increases as an inverse function of the pressure. It should be noted that the volume of helium evolved is under the same pressure as that of the tank. The dotted line in Figure 10 shows the limiting receiving capability of the tank at the At the completion of the pre-transfer phase, the receiving tank has presumably achieved the required pressure to commence the propellant transfer. The transfer begins at a peak flow rate and subsequently drops to a minimum. The minimum flow is necessary to facilitate propellant transfer. It was chosen to be approximately 0.5 gallon per minute as indicated in Figures 6 and 10 .
Since the pressure-drop characteristics in the transfer line and in the receiving tank are different, it is appropriate to separate the analyses into two sections: (1) helium evolution inside the transfer line and (2) helium evolution inside the receiving tank.
• Helium Evolution Inside the Transfer Line
Reference [1] provides a complete discussion of the helium analysis during propellant transfer in the transfer line. Here is the summary.
Volume Fraction of Helium to Propellant upon Propellant Transfer
The volume fraction of helium to propellant is defined as the ratio of the volume of the helium evolved at line pressure to that of the line (or propellant) volume from the supply tank to x. The line volume is V(x)= Vprop(x)+Vhe,,,,,,(x)atpressure.
Since 
Correlation between the Void Fraction and the Volumetric Flow rate at the

Outlet of the Transfer Line
The void fraction is defined as the gas core cross-sectional area to the line -) cross-sectional area; that is, a= '/go3 =/rgGs /" A The void fraction is plotted as a function of flow rate for both MMH and NTO to further understand the potential impact of helium evolution at higher transfer rate, Figure 11 . This report focuses on low transfer rate, up to 11 Ipm. The results do not suggest major problem with flow regime; however, since the pressure drop increases as a second order power of the transfer rate, the impact of helium evolution is more significant as shown in Figure 11 . Consequently, there is a limit to the transfer rate due to increase in helium evolution. higher than that of the line, the amount of helium releases inside the tank is significantly higher at higher transfer load. The following analysis will quantify the amount of helium evolution inside the receiving tank.
Helium evolution analysis
Consider an elemental volume entering the tank. At time t, an elemental volume, AV, is at the tank inlet with pressure Po. This elemental volume of propellant is saturated with a fixed a mount of helium. The amount of helium saturated within the AV is defined as follows:
At time t + At, the elemental volume, AV, is inside the tank with pressure P(t).
Since Po > P(t), helium gas will be evolved from AV and the new amount of helium saturated within the AV is defined as follows: Hence, the amount of helium evolved inside the receiving tank can be calculated by integrating the difference in the concentration of the helium saturated in the propellant before and after it enters the tank.
For MMH, the amount of helium evolution inside the tank at tank pressure is
Similarly, for NTO,
where Po = 265 psia Case 1" A 2,075-1bm transfer
The propellant at the supply tank is saturated with helium at approximately 265 psia. As the propellant flows from the supply tank at 265 psia to the receiving tank at a lower pressure, it releases helium. The evolved helium will subsequently build up inside the receiving tank. During the propellant transfer, the supply propellant compresses the original gas/vapor inside the receiving tank. In addition, the evolved helium from the supply propellant increases the compressed pressure in the tank, Figure 14 . The results from Figure 13 show that there is no significant pressure rise from the addition of evolved helium from the supply propellant at this load.
Case 1 : A 9,000-Ibm transfer
Similarly, the results of the 9,000-Ibm propellant transfer are shown in Figure 15 . Evolution for a 9,000-Ibm Transfer Figure 14 indicates that the effect of helium evolution for a 9,000-Ibm transfer is significant. For MMH, the evolved helium compresses to 6 psi. For NTO, the evolved helium compresses to 24 psi. These pressures have to be accounted for during ullage venting so that the required supply propellant can be transferred into the receiving tank.
CONCLUSIONS
The effects of helium evolution are significant at high transfer load (9,000 Ibm) and high transfer rate (> 11,3 Ipm). Since helium evolution problem is inherent in the helium-saturated propellant for an unbladdered tank system, it is important to address and to characterize it so that a resolution can be defined. Depend on the transfer scenario, the effect of helium evolution is more significant in one aspect of the transfer than others. However, its impact is well identified. Further work is necessary to determine its impact on the fluid dynamics during venting, for example, the kinetic rate of helium evolution. The release of helium from a liquid body in micro-gravity environment can induce dynamic force, which influences its overall dynamic behavior. The concern of venting liquid overboard emphasizes the need for a better understand of the fluid dynamics when venting is commenced. This is perhaps the most challenging topic in the helium evolution analyses.
